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INTRODUCTION 
The subject of this thesis is the study of the action 
pattern of beta-amylase on the maltosaccharides. The endwise 
attack of the enzyme has been well established but consider­
able controversy has arisen over the number of maltose units 
removed from the starch molecule upon each encounter with the 
enzyme. In past studies, natural starch or amylose, a linear 
fraction, was used as the substrate. Unfortunately both of 
these are complex mixtures of many molecules that vary in 
their degree of chain length and to a lesser extent in their 
degree of branching. 
In order to determine the number of maltose units removed 
upon each encounter with the enzyme, it is necessary to meas­
ure the initial changes in the average degree of polymeriza­
tion of the substrate. This was usually done by some physi­
cal measurement. From experiments of this type two theories 
originated to explain the action pattern of beta-amylase. In 
the first, multichain action, the enzyme Is considered to 
remove only one maltose unit upon each encounter with the sub­
strate. In the second, single chain action, the enzyme is 
considered to completely degrade a linear substrate molecule 
during a single encounter. It is apparent that these theories 
are diametrically opposite and Inconsistent with each other. 
Recently a third theory has been proposed to explain the 
results obtained when a synthetic dextrin of a narrow chain 
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length distribution was used as the substrate. This theory, 
the multiple attack theory, states that there is a certain 
probability that the enzyme will attack the substrate mole­
cule more than once during each encounter. 
Now that the high molecular weight linear maltosacchar­
ides are available, it should be possible to use these specif­
ic compounds as a substrate for beta-amylase. The initial 
products of this reaction can be separated chromatograph­
ically and quantitatively determined. If a maltosaceharide 
containing an odd number of glucose units is used, one can 
measure the number of completely degraded chains by the 
amount of maltotriose formed. This method should clearly 
differentiate between the three existing theories and it 
should be possible to test the reported changes in the action 
pattern of the enzyme under unfavorable conditions. 
Although this controversy has existed, beta-amylase has 
been an important enzyme tool in the study of the structure 
of starch. If the action pattern of this enzyme on the malto­
saccharides were better understood, it would be possible to 
gain a better understanding of how the enzyme degrades 
starch. This would make beta-amylase an even more useful 
tool in the structural study of starch. 
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LITERATURE REVIEW 
Beta-amylase 
In 1877 Marker (1) reported that by varying the tempera­
ture of malt digests of starch, two different types of action 
were present. At low temperatures, saccharogenic action, 
mainly maltose was produced, while at high temperatures, 
dextrinizing, mainly dextrin was produced. From this he 
deduced that there were two types of amylases present in 
malt. In 1924 Kuhn (2) classified these two enzymes as alpha 
and beta-amylases. The alpha-amylase formed products (alpha 
configuration) which mutarotated downward, while the beta-
amylase formed maltose (beta configuration) which mutarotated 
upward. Ohlsson (3) was able to separate the two enzymes 
and concluded that beta-amylase attacked the non-reducing 
end of the chain,splitting off maltose units. 
In 1948 Balls et. al. (4) were successful in obtaining 
the first crystalline beta-amylase. Sweet potatoes were used 
as the source. Crystalline beta-amylase has now been obtained 
with malt, wheat and soy beans. Sweet potato or soy bean 
beta-amylase has been used in most of the recent studies due 
to its ease in isolation and to the kindness of Dr. A. K. 
Balls and his associates in making the enzyme available. In 
general the action pattern of the enzyme from different 
sources has been considered to be the same, but this has 
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never been proven. 
Amylases are of considerable industrial as well as 
academic interest, therefore there is a large volume of liter­
ature on the subject. Summer (5) has reviewed the subject 
with regard to the action pattern of beta-amylase on branched 
oligosaccharides. Recently French (6) has completely reviewed 
the subject of beta-amylase. 
Action pattern 
The endwise action of beta-amylase is well established 
but considerable discussion has arisen over whether the 
enzyme degrades linear starch molecules (amylose) by a single-
chain or multichain mechanism. In the single chain mechanism 
the enzyme is considered to degrade completely one substrate 
molecule before It attacks a second molecule. In the multi­
chain mechanism the enzyme removes only one maltose unit from 
the substrate and then attacks a second molecule, degrading 
all the substrate molecules more or less uniformly. The evi­
dence for or against these theories has in general dealt with 
some measurement of the change in the average D. p. (degree 
of polymerization) of the substrate. If the substrate has 
a narrow D. P. distribution and the average D. p. does not 
change throughout the course of the reaction, then the 
mechanism must be single chain. The multichain mechanism 
would require that the average D. P. of such a substrate would 
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gradually decrease during the reaction. Inferences regarding 
the D. P. of the substrate have generally been drawn from the 
iodine spectrum or from physical methods. In a few cases 
the action pattern has been studied using oligosaccharides 
as substrate. 
In 1948 Swanson (7) suggested that since no shift was 
found in the iodine spectrum during a beta-amylase digest 
the enzyme must be acting in a single chain fashion. In this 
same year Cleveland and Kerr (8) and later Kerr (9) also con­
cluded that the mechanism is of the single chain type. Later 
in 1950 French et al. (10) added support to this theory by 
using maltoheptaose as a substrate. The products of the 
hydrolysate were examined by electrophoresis and no appre­
ciable amount of maltopentaose was found. Although this was 
not a very sensitive method for maltopentaose, the results 
indicated that the enzyme was acting by a single chain mechan­
ism. In alkaline solution and at higher temperatures the 
presence of maltopentaose was found indicating a possible 
shift to multichain action. 
In 1948 Hopkins et al. (11, 12) suggested a multichain 
action from similar information. Later Bird and Hopkins 
(13) studied a series of linear dextrins with average D. P. 
of 16 to 30, isolated from a hydrolysate, and maltohexaose. 
This work also indicated a multichain action. The malto­
hexaose experiment yielded large quantities of maltotetraose. 
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Recently, French (14) has reported that It is not pos­
sible to differentiate between the two theories when the dis­
tribution of the substrate chain length is the most probable 
distribution. Most amylose preparations and fractions are 
considered to correspond to the most probable distribution. 
Husemann (15) has recently reported that the action of beta-
amylase on a synthetic polysaccharide with a fairly sharp 
chain length distribution seems to differ from the action of 
the enzyme on natural amylose. This fact tends to substan­
tiate French1 s theory. 
Examining changes in the iodine spectrum, Bailey and 
Whelan (16) have tested the action pattern of the enzyme on 
a phosphorylase synthesized dextrin of D. P. 49. They found 
that the enzyme's action pattern was temperature dependent. 
At normal temperatures (20° to 50°C) the action pattern of the 
enzyme was interpreted in terms of a combination of the 
single-chain and the multichain action. At higher or lower 
temperatures the action appeared to become more of the multi­
chain type. They also used maltohexaose and maltoheptaose 
as substrates under normal conditions. The first gave 56% 
multichain action while the second gave 26#. At pH 8.0 malto­
heptaose gave an increase to 35# multichain action. At 70°C 
maltohexaose again gave 56# multichain action while at 0.5°C 
it gave 98# multichain action. Their definition of the per­
cent of multichain action assumed first-order kinetics• 
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Bailey and French (17) have proposed a multiple attack 
theory. Using a terminally labeled phosphorylase-syntheslzed 
dextrin (of D. P. 44), they found that an average of 4.3 
maltose units was removed from the substrate during each 
effective encounter with the enzyme. An encounter was defined 
as the sequence of events during the lifetime of the enzyme-
substrate complex. 
This average value of 4.3 maltose units should not be 
taken to mean that the probability is very high for the enzyme 
to release 4.3 maltose units. If 100 molecules of substrate 
were attacked by the enzyme, 24 would not be hydrolyzed; 18 
would have 1 unit of maltose removed; 13 would have 2 units 
of maltose removed; 9 would have 3 units and only 6 would have 
4 units removed. The probability that the enzyme will hydro-
lyze the substrate n times is: Pn = (l-f)fn where f = 0.76. 
The average value of n for this most probable distribution is 
4.3. The authors very carefully differentiated between a 
random attack (normal type distribution) and the multiple 
attack (most probable or skewed type). 
Active site 
Thoma and Koshland (18) have reported the presence of 
three different functional groups at the active site of 
sweet potato beta-amylase. The pK'e of these groups are 
3,7, 6.4 and 7.0 according to their data. The Mlchaelis con­
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stant is reported to be relatively constant but the Vm is 
very pH dependent. A plot of the log Vffi versus pH has two 
breaks, the first at pH 3.7 "(a carboxyl group) and the second 
at pH 7.0 (a sulfhydryl group) in the native enzyme. When 
the sulfhydryl groups of the native enzyme are blocked with 
iodoacetamide, the second break in the pH plot shifts over to 
pH 6.4. This group is thought to be an imidazole group. 
I to and Yo shida (19) have reported that sweet potato 
beta-amylase contains eight titrâtable sulfhydryl groups per 
molecule. They oxidized the sulfhydryl groups with iodoso-
benzoic acid and they were able to show that 75# of the activ­
ity was dependent upon 50# of the sulfhydryl groups; while 
the remaining 25# of the activity depended upon the remaining 
50# of the sulfhydryl groups. The oxidized enzyme was not 
reactivated by mercaptoacetic acid. 
Maltosaccharides 
The maltosaccharides are linear saccharides formed by 
the hydrolysis of amylose. The first two members of this 
homologous series, glucose and maltose, are very well known. 
Whistler (20) has been able to isolate aaltosaccharides as 
large as six glucose units in length by repeated adsorption 
chromatography. 
In 1958, Thorna (21) developed a gradient elutlon system 
for the separation of compounds as high as 15 glucose units. 
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By paper chromatography he was able to show that these 
amorphous compounds were pure up to the one containing 12 
glucose unite. The larger compounds were contaminated with 
their next lower homologs. A new composition pattern for 
the gradient elutlon system was developed (22). This work 
has extended the range of the maltosaccharides isolated to 
those containing 18 glucose units. All compounds containing 
nine or more glucose units were crystallized. All the com­
pounds containing five or more glucose units formed crystal­
line iodine complexes. 
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METHODS AND MATERIALS 
Carbohydrates 
Amylodextrin 
Nagell amylodextrin was prepared by Dr. Phillip Nordln 
and Mrs. Valerie Yount in this laboratory. The dextrin had 
an average degree of polymerization of about 25, as estimated 
by reducing tests. 
Maltosaccharides 
The maltosaccharides were separated on a cellulose powder 
column. The method used has been previously described (22)• 
Maltohexaose will be referred to as G6, Maltoheptaose as G?, 
etc. 
Amylase 
Three times reorystallized sweet potato beta-amylase 
was purchased from Wallerstein Chemical Company. The enzyme 
was prepared by the method described by Balls et al. (4). 
Chromatographic Techniques 
Multiple ascent paper chromatography was used in this 
experiment (22). Whatman number 1 paper was used. A 16" high 
by 19" wide sheet of paper was first stapled into a cylinder 
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and placed Into a chromatography jar with water as the sol­
vent . A two inch strip was then cut off the top of the 
dried sheet. The compounds were then spotted or banded on 
the paper on a line one inch from the bottom. The paper was 
then developed in a number 14' solvent (25 parts by volume 
water, 40 parts of absolute ethanol and 35 parts of nitro-
methane). Four ascents were used to separate Gg and G?, 
five ascents for Gg and Gg and six ascents for G^g and G^. 
The positions of the spots were located by using the 
silver dip (21). The chromatograms were first dipped in an 
acetone solution of AgNOg, dried, and then dipped In methan-
olic NaOH. After the spots appeared, the dried papers were 
then dipped in a Nag SgOg fixing bath (Kodak F-24) and washed 
with water. This procedure is sensitive to less than one 
microgram of maltose. 
Analytical 
Two standard reducing tests were used, the Nelson's test 
and the dinitrosalicylic acid test. The first test is almost 
independent of chain length and therefore preferred, but the 
second is much less time consuming and therefore better for 
velocity measurements. In measuring the initial velocity 
the chain length dependence is not very critical because a 
difference is measured. 
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Nelson1s test 
The method as described by Nelson (23) was used. Some 
modifications were made to increase the sensitivity. The 
optical density of the samples was read at 750 millimicrons 
and sufficient glucose was added to the copper reagent so 
that the water blank would read as 0.01 mg. of glucose. This 
latter change was made to eliminate an abnormality in the 
standard curve at low concentrations. With these modifica­
tions the test covered the range of 0.01 to 0.15 mg of 
maltose. The range could be extended to 0.5 mg. by diluting 
the developed samples 1 to 5. Standards must be run with 
each set of samples • 
Dlnltrosallcylic acid test 
The dlnltrosallcylic acid test was used as described by 
Schwimmer (24). A 2 ml. sample was added to 2 ml. of the 
reagent. The samples were heated in a boiling water bath 
for 5 minutes and the color intensity was measured in a 
Klett-Summerson colorimeter with the number 54 filter. The 
standard curve is very reproducible and the range covered 
is from 0.1 mg. to 1.0 mg. per ml. of standard. 
Quantitative determinations 
The phenol method as described by Dubois ejt al. ( 25) 
was used. One tenth of a ml. of Q0% phenol is added to a 
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1 ml. sample, and. then 3 ml. of conc. HgSO^ Is pipetted 
directly into the solution. This is allowed to stand for 10 
minutes and then cooled. The samples were read in a Spec-
tronic "20" spectrophotometer at 490 millimicrons. The range 
covered is 5 to 40 micrograms. The range can be extended to 
200 micrograms by reading the samples in a Klett-Summerson 
colorimeter with a number 42 filter. By diluting with conc. 
HgSO^ the range can be extended even higher. The standards 
must be run with the samples and must be treated in the same 
manner as the samples. 
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EXPERIMENTAL 
Stability of Beta-amylase 
Preliminary experiments with beta-amylase have shown that 
the enzyme, with amylodextrin as a substrate, loses its activ­
ity rapidly as the reaction proceeds. This loss makes the 
measurement of the initial velocity experimentally difficult. 
Therefore, It was necessary to Investigate the effect in order 
to see if there was some means of stabilizing the enzyme. 
The standard conditions adopted for the velocity measurements 
were : 0.05/6 amylodextrin, 0.02 M. pH 4.8 acetate buffer, 
1 ml. of enzyme, all in a total volume of 20 ml. at 35°C. 
Six or seven 2 ml. samples were removed at intervals and 
assayed by the dlnltrosallcylic acid method. The velocity 
was then measured as the slope of the line and reported as 
mg. of maltose produced per minute. Special care was taken 
to make sure that at least the first four points would lie 
in a straight line. This usually meant that the measured 
portion of the reaction would only proceed to about 10% 
completion. The enzyme was able to hydrolyze only a fraction 
of the substrate before it became inactive, usually 20$ to 
30/6. When higher concentrations of the enzyme were used the 
enzyme was able to completely hydrolyze the substrate, but 
because of the speed of the reaction the initial velocity 
could not be measured. The amount of hydrolysis before 
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inactivation seemed to be proportional to the amount of enzyme 
present. This could be due to the instability of the enzyme 
or the inhibition of the enzyme by some agent present. Also 
product Inhibition could be an explanation. 
The enzyme was studied for product inhibition by the 
addition of various amounts of maltose equal to that produced 
by 5, 10 and 20% hydrolysis. No effect was found. The com­
ponents of the mixture were then checked for contamination. 
The water was redistilled with basic potassium permanganate. 
The concentration of buffer was varied over a wide range 
(l M. to 0.005 M.) and the substrate was recrystallized three 
times from pure water. None of these changes had any effect. 
In order to test the stability of the enzyme, the enzyme 
was held at 35°C in the presence of 0.02 M buffer and samples 
were assayed at different time intervals. The velocity was 
then plotted versus time. The activity of the enzyme dropped 
off rapidly during the first 20 minutes to about 1/3 of its 
original velocity and the remainder then dropped off at a 
much slower rate, for the next two hours. The enzyme is 
definitely unstable under these conditions. The enzyme was 
then tested at temperatures from 0°C to 35°C. As expected, 
the effect was more pronounced at the higher temperature, 
but it was still present to a lesser extent at 0°C. 
It has been reported that wheat and malt beta-amylase 
have a sharp break in their Arrhenius plots at 20°C. There­
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fore, an Arrhenius experiment was run (0°C to 50°C) using 
fresh enzyme and enzyme that had been held at 35°C for one 
hour. The slopes of these lines were essentially identical 
and the lines were continuous through the entire range. At 
higher temperatures (above 35°C) it was very difficult to 
measure the initial velocity, but it could be shown that no 
break occurs. The value obtained was 15+1 kilocalories; 
similar to the reported value of 16.2 kilocalories found from 
Q°C to 20°C for malt beta-amylase. The fresh enzyme was 
held again at 35°C for one hour, cooled overnight and then 
held at 35°C with samples taken out at 5 minute intervals. 
These results were identical to those obtained by holding 
fresh enzyme at this temperature except less activity was 
found. 
The activity versus holding time curves are very sim­
ilar to those obtained by Ito and Yoshida (19} when they held 
the enzyme in the presence of iodosobenzoic acid. Under their 
conditions the sulfhydryl groups were specifically oxidized. 
Therefore, the fresh enzyme was held at 35°C as before but 
% 
in the presence of a sulfhydryl protecting reagent, 10 M. 
mercaptoacetic acid, with the proper control. .Under these 
conditions the enzyme was stabilized. It lost less than 5fo 
of its activity after one hour. The holding experiment was 
then repeated by replacing the mercaptoacetic acid with 
0.2 M. versene and then by purging the system of air with 
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nitrogen. It was hoped that if this instability was caused 
by the presence of metal ions or air oxidation of the sulfhy­
dryl groups one might expect some stabilization, but none 
could be measured. The mercaptoacetic acid will not activate 
the enzyme before or after it has been partially inactivated 
by being held at 35°C for one hour. 
The addition of 10~3 M. mercaptoacetic acid to the 
system raises the background reducing value. This makes it 
more difficult to measure the initial velocity because dilu­
tions are necessary. If the temperature is lowered to 25°C, 
10~4 M. mercaptoacetic acid will stabilize the enzyme. The 
initial velocity can be measured and the mercaptoacetic acid 
will have only a minor effect on the reducing value. 
Action Pattern of Beta-amylase on Maltosaccharides 
Enzyme activity 
In order to follow the action pattern of beta-amylase 
by chromatography a high concentration of substrate must be 
used. If this is not done the samples must be concentrated 
and then desalted. The concentration of 2% substrate was 
chosen. Further experiments have proven that the concentra­
tion of substrate has very little effect, if any, on the 
action pattern of the enzyme. 
Since only small quantities of the maltosaccharides are 
available, the required enzyme concentration was first esti­
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mated by using amylodextrin as a substrate under standard 
conditions at 25°C with 10~4 M. mercaptoacetic acid. Unfor­
tunately at 2% amylodextrin, the amylodextrin appears to 
inhibit the enzyme. If this effect is ignored and the 
velocity is extrapolated from lower concentration to a 2% 
concentration a very good approximation of the proper enzyme 
concentration can be made. The activity of the stock enzyme 
solution with the amylodextrin was determined as the produc­
tion of maltose In mg. per minute. The amount of this stock 
solution of enzyme necessary to degrade the given weight of 
maltosaccharide to maltose In 20 minutes was then calculated. 
The ratio of this volume of enzyme to the total volume of 
digest was determined. This ratio was then used in the malto-
saccharlde digests. 
Digests 
The reaction was run in a total volume of 0.3 ml. using 
6 mg. of maltosaccharide. Because of the small volumes used 
it was necessary to run the reaction in a paraffin block. 
Indentations were melted into the block by means of a small 
hot test tube. One large hole was made at one end for the 
reaction mixture and smaller holes were made along the sides 
to contain the removed samples. A typical digest consisted 
of: 6.0 mg. of maltosaccharide, 0.03 ml. of 0.2 M. pH 4.8 
acetate buffer, 0.240 ml. of water and 0.030 ml. of enzyme. 
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Samples of 0.030 ml. were taken out at 1, 3, 5, 7, 10, 15, 
20, ana 30 minute time intervals. The enzyme was'inactivated 
with 0.010 ml. of 10~3 M. mercuric chloride solution. The 
samples were then placed on a chromatogram by means of a cap­
illary melting point tube and capillary action. The paraffin 
block allowed quantitative removal of the sample by this 
method. Variation of this digest consisted of the addition 
of more or less enzyme and the addition of 0.030 ml. of 
10~^ M. mercaptoacetic acid. 
Digests of the following compounds were run: G-y, Gg, 
G%i, Gjg, G]_5, and G}?. Odd numbered chains were used so 
that the end products from the reducing end of the substrate 
would be G3 rather than maltose. The digests were chroma-
tographed in the #14' solvent with three to six ascents and 
the spots were located by the Oliver dipping method. If 
the enzyme acts in a pure single chain fashion on Gg the 
initial products would be only maltose and Gg. No other 
products should be found during the course of the reaction. 
If the enzyme acts in a multichain pattern the initial 
products should be only maltose and G?. G§ and Gg should 
then appear subsequently as the reaction continues. If the 
enzyme is attacking the substrate in the multiple attack, 
all the possible products should be found initially. Maltose 
will be found in the highest concentration: the remaining 
products In much lower concentrations. If It is assumed that 
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only 10/8 of the substrate is attacked then the mole percent 
of each would be 78.0# Gg; 1.7# G?; 1.1# Gg; 3.8# G3; 15.2# 
Gg. Calculated on the basis of product formation this would 
amount to about 6# hydrolysis. 
All the chromatograms from the above digests were found 
to be essentially the same except for the number of spots 
present. Even when smaller quantities of enzyme were added 
the initial products were the same; see Fig. 1. The addition 
of mercaptoacetic acid had no visible effect except to stabil­
ize the enzyme. All the possible products were formed imme­
diately. Initially maltose was found in the highest concen­
tration while the other compounds all appeared to be in about 
equimolar quantities as indicated by their spot intensities. 
As the reaction continued the maltose and the Gg spots became 
more Intense while the intensities of the other spots seemed 
to Increase at much slower but equal rates. 
These chromatograms seem to rule out pure multichain 
attack and pure single chain attack. The products found are 
almost identical to those one would expect if the enzyme were 
acting in a multiple attack action pattern. 
Action Pattern of Beta-amylase Under 
Less Favorable Conditions 
The digests in this section were all run under similar 
conditions to those previously described, except in some cases 
inhibitors were added and in others the pH was changed. Under 
Figure 1. Chromatogram of beta-amylase acting on 2# Gg, 
at pH 4.8 
22 
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alkaline conditions the reactions were run in 0.02 M. tris 
buffer. 
pH variation 
In order to measure the initial products 1/2 of the 
normal enzyme concentration was used. Chromatograms of Gg 
and Gr]_g at pH 3.0, 7.0, 8.4 and 10.0 are shown in Fig. 2 and 
3. A gradual change from the usual action pattern at pH 4.8 
over to an almost pure multichain action at pH 10.0 was found. 
The chromatogram at pH 7.0 is almost identical to the one at 
pH 4.8 except that less G3 is formed. At pH 8.4 the action 
is more that of multichain. Very little G5 was formed as 
compared to the G? formed. Thoma and Koshland (18) have 
found two pH dependent, functional groups of the enzyme in 
this pH region; the sulfhydryl at about pH 7.3 and the 
imidazole at about pH 6.7. A chromatogram at the unfavorable 
acid condition of pH 3.0 is identical to those at pH 4.8. 
Denaturatlon 
In order to see if there is any change in the action 
pattern due to partial denaturatlon of the enzyme, the fol­
lowing reaction was run. The enzyme was held at 35°C until 
its activity was reduced to 1/10 of the original activity. 
A digest was then run with Gg and chromatographed. The 
results were Identical to those using fresh enzyme. No 
Figure 2. Chromatogram of beta-amylase acting on 2% Gg 
Top: at pH 7.0 
Bottom: at pH 8.4 
25 
Figure 3. Chromatograms of 
maltosaccharides 
Top: on Gg 
Bottom: on 
beta-amylaae acting on 2% 
at pH 3.0 
®13 pH 2-0 • 0 
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change In the action pattern was found. 
Guprlc ion 
A digest of On at pH 4.8 was run In the presence of 
10"^ M. copper sulfate, see Fig. 4. The initial products on 
this chromatogram are very similar to those produced without 
copper. As the reaction progresses larger quantities than 
expected of Gg are being produced as compared to the other 
products. This could indicate a slight shift toward a multi­
chain action. If this shift is correct then this might imply 
that the blocking of the sulfhydryl group causes the shift. 
Unfortunately copper also forms many other complexes with 
proteins. 
Temperature variations 
Bailey and Whelan (16) have reported a shift in the 
action pattern at high and low temperatures. Chromâtograms 
of Gg were run at 0°C, 20°G and 35°C. They all seemed 
identical to those run at 25°C. Due to the stability of the 
enzyme and due to the evaporation from the small volume of 
digest used, it was Impossible to run the digest at 60°C to 
test this high temperature effect. These results indicate 
that there is no large low temperature shift In the action 
pattern with the maltosaccharides. 
Figure 4. Chromatograms of beta-amylase acting on 2% 
Top: in lO""3 CUSO4 
Bottom: In b% maltose 
30 
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Dilute substrate 
Since one might expect the action pattern of the enzyme 
to be dependent upon the concentration of the substrate, a 
0.05/6 digest of Gg at pH 4.8 was run. The samples were then 
lyophllized and chromatographed. The chromatogram was iden­
tical to those run at 2%. The aesthetic value of the chroma­
togram was not good, due to the presence of the concentrated 
salts, but one was still able to compare the results. 
Maltose 
Maltose is being produced by the reaction. It is con­
ceivable that the maltose produced may have some effect on 
the action pattern. Therefore, a 2% digest of G^i at PH 4.8 
was run in the presence of 5% maltose; see Fig. 4. Except 
for the maltose spot, this chromatogram was Identical to 
one run without maltose. No effect was found. 
Quantitative Chromatography 
A visual study of the chromatograms is a very easy method 
for distinguishing between pure multichain and pure single 
chain action. It also yields, by visual comparison, a rough 
estimate of the relative intensities of the spots. Since 
beta-amylase appears to be acting in a multiple attack pat­
tern, it is necessary to determine more quantitatively the 
rate of product formation. 
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Digest 
The digests were run as previously described but in the 
presence of 10™3 M. mereaptoacetic acid. For G? and Gg a 
digest of 2% substrate in a total volume of 1 ml. was used. 
Samples of 0.10 ml. were used. For Gg the total volume and 
the volume of the samples were increased by a factor of 0.25. 
For &2i they were increased by a factor of 0.50. These fac­
tors were used to compensate for the extra compounds formed. 
The reaction was then stopped in each case with 0.05 ml. of 
10~2 mercuric ion. 
Separation 
The reaction mixtures were separated by paper chromato­
graphy. The compounds were located by using 0.025 ml. of the 
sample as an indicator scrip. The bands of compounds were 
then cut out and eluted with 10""* M. HgClg into 5 ml. volu­
metric flasks. For the elution, a small tray of the eluting 
solution was placed upon a Lab Jack. One end of the paper 
strip was cut to a point and the other end was placed between 
two microscope slides. One end of the slide was Immersed in 
the solution while the other end protruded over the edge with 
the strip hanging vertically. The height of the Lab Jack was 
regulated so that the tips would drip directly into the 5 ml. 
volumetric flask. The tray and the flasks were then covered 
with an inverted chromatography jar. About 1 ml. of sample 
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was collected after three hours. The samples were then 
diluted to volume with 10~* M. HgClg and analyzed using the 
phenol method. 
Results 
The results were plotted as moles per mole of substrate 
added versus the extent of the reaction; see Fig. 5 to 8. 
The extent of the reaction was determined on the basis of the 
amount of maltose produced, assuming a theoretical yield. 
It was not particularly Informative to plot the amount of 
each compound formed in terms of the mole fraction because 
the total number of moles present is continuously increasing 
due to hydrolysis. Therefore, the amount of each compound 
formed was plotted per mole of substrate used. The amount 
of maltose produced was not plotted, because by definition 
it would be linear. The maltose line would start at zero 
and extend"toward an integral multiple of the final G3 con­
centration (the exact value would depend upon the substrate 
used). The plots themselves are self explanatory. 
Figure 5. A plot of product formation when beta-amylase 
acte on G7 
MOLES PER MOLE OF SUBSTRATE 
Figure 6. A plot of product formation when beta-amylase 
acta on Gg 
MOLES PER MOLE OF SUBSTRATE 
P 
Figure 7. A plot of product formation when beta-amylase 
acts on 
MOLES PER MOLE OF SUBSTRATE 
Figure 8. A plot of product formation when beta-amylase 
acts on Gg 
MOLES PER MOLE OF SUBSTRATE 
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DISCUSSION 
Stabilization 
The activity of beta-amylase is unstable in dilute solu­
tion. This instability appears to be dependent upon the 
temperature of the digest and the concentration of the enzyme. 
No reference toward this instability of the dilute crystal­
line enzyme could be found In the literature. Beta-amylase 
is known to be a sulfhydryl enzyme, and sulfhydryl groups 
are very sensitive to oxidation and to heavy metal ions. 
Ito and Yoshlda (19) have reacted the enzyme with a 
specific sulfhydryl reagent, iodosobenzoic acid. They found 
that 75# of the activity Is dependent upon 25# of the 
sulfhydryl groups present. Upon plotting the activity of 
the enzyme versus the loss of titratable sulfhydryl during 
this reaction they found a rapid decrease to 25% of the 
original activity followed by a slower decrease as the 
remaining 25/6 of the sulfhydryl groups are oxidized. This, 
two step process is similar to the Instability of beta-
amylase at 35°C. In both cases the enzyme is stabilized 
but not reactivated by mercaptoacetic acid. 
The heat dependence of this Instability might imply 
that this is heat inactlvatlon. If this were true the 
small amount of mercaptoacetic acid used should not pro­
tect the enzyme. Another explanation could be that this 
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instability is being caused by trace heavy metal ions or metal 
ion catalyzed oxidation. The heat dependence could then be 
due to the heat dependence of this reaction. But the sul­
fhydryl groups in general, are the most sensitive groups of 
the enzymes to heavy metal ions or oxidation, so they again 
would be implicated. 
It has not been proven that the sulfhydryl groups cause 
this instability but it seems likely that they are involved. 
The most Important fact obtained about this instability is 
that the enzyme can be stabilized. 
Action Pattern on the Maltosaccharldes 
One should not expect that the action pattern of beta-
amylase on the smaller maltosaccharide will be exactly the 
same as it is on native amylose. The chain length of course, 
is not the same. But it should be possible to study the 
action pattern of the enzyme on a series of maltosaccharldes 
of increasing size and from this obtain some idea of what 
might be happening on larger substrates. 
Three theories have been proposed to explain the action 
pattern of the enzyme. In the first, single chain action, the 
enzyme combines with the substrate and completely degrades it 
to maltose before attacking the next substrate molecule. In 
the second, multichain action, the enzyme combines with the 
substrate and removes one maltose unit and then attacks a 
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new substrate molecule. This reduces all the substrate chains 
uniformly. Both of these theories have been previously tested 
with amylose as a substrate by studying the average chain 
length of the remaining substrate molecules. There is posi­
tive evidence for and against both theories. Recently, 
French (14) has reported that it is not possible to differ­
entiate between the two theories unless the distribution of 
the substrate chain length is known to be normal. Most 
amylose fractions are considered to correspond to the most 
probable distribution. A third theory is the multiple attack 
theory. In this case the enzyme combines with the substrate 
and the most probable event that happens is that the enzyme 
releases the substrate without attacking it. The next most 
probable event is that the enzyme will attack the substrate 
once. The next the enzyme will attack it two times, three 
times, etc. 
The chromatographic experiments Indicate-that neither of 
the first two theories is correct under normal conditions. 
Single chain action is not correct since the only products 
formed from would be maltose and Gg. Multichain attack 
would yield only maltose and the substrate molecule minus one 
maltose unit initially. Even a combination of these two 
theories will not explain the presence of G§ as an initial 
product, when Gg is used as a substrate. A mixed action _ 
might be expected If there were two active sites each having 
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a different action pattern. 
The multiple attack theory explains the results very 
well. From this theory, the probability that the enzyme 
will attack the enzyme n times is given by the following 
equation: ?n = (l-f) fn where f is equal to 0.76. If one 
calculates the probability of the formation of each of the 
products when Gg Is used as a substrate, the probability 
that Gy is formed is 0.18, Gg is 0.13 and Gg is 0.45. The 
probability that Gg is formed is very high because in this 
case we must consider all the values of n equal to or 
greater than 3. This high value for Gg makes these chroma­
tograms appear to be like a single-chain action but the 
presence of the intermediates disqualify this idea. 
When an attempt was made to compare the results of the 
quantitative experiments to those predicted by the probabil­
ities of the multiple attack theory, the comparison was very 
favorable. Unfortunately there is a 10# error in the values 
given for Gg and G? because of the analytical method. 
It can be seen from the multiple attack theory that 
there will be an end-effect with these maltosaccharldes. 
These chains are not infinite in length. Therefore the 
probability that the Gg will be formed must be a summation 
of all the values of n greater than those possible with the 
compounds used. This high value for Gg gives a simulated 
single chain action. There is another possible end-effect. 
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If the smaller compounds were more resistant to the enzyme 
than the larger compounds, then one might expect a simulated 
multichain action. This would be the case with G5, because 
there is not any other way that it can be degraded. There is 
also reason to believe that Gg is degraded by a simulated 
multichain because G4 seems to be degraded at a slower rate 
than G5. G§ is degraded at about the same rate as G7 and 
Gg. This can be seen visually on the chromatograms or from 
the quantitative data. Therefore, this simulated multichain 
end-effect does not extend to compounds as large as G7 but 
it may explain why workers using Gg always find a higher 
proportion of multichain action. 
It has been previously reported (10) that there is a 
shift toward a multichain action of beta-amylase as the pH 
of the digest is increase. These experiments definitely 
bear this out. In fact, the present experiments Indicate 
that the action is almost entirely multichain at pH 10.0. 
If the affinity of the enzyme for the substrate were reduced 
as the pH was increased, a simple explanation could be pre­
sented for the results obtained. The Michaelis constant, 
however, does not change at pH 6.0 or above when starch is 
used as a substrate. 
The cupric ion experiments indicate that the change in 
the action pattern at alkaline pH1s may be caused by a 
sulfhydryl group. Thoma and Koshland's (18) experiments 
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proved that the sulfhydryl groups are not essential for the 
activity of beta-amylase but their loss results in a large 
reduction in activity. This Information might imply that the 
sulfhydryl groups are not the groups being blocked by heating 
at 35°C, because there is no change in the action pattern. 
This is not necessarily the case. If one attack by the 
sulfhydryl enzyme could produce 10 maltose molecules, while 
one attack by the enzyme with the sulfhydryl groups blocked 
could produce only one maltose unit, it would be very hard 
to demonstrate the action pattern of the enzyme with thé 
sulfhydryl group blocked in the presence of a small amount 
of sulfhydryl enzyme. 
The quantitative results, see Fig. 5 to 8, -substantiate 
the fact that only very small amounts of the Intermediates 
are formed in this- reaction. Much larger quantities would 
be expected if the multichain-process dominated at optimal 
conditions as well as at high pH's. If a single chain action 
pattern were present the line that represents the formation 
of Gg and the one that represents the loss of substrate would 
be linear. This is not the case. Due to the errors of + 1 
mg. in the 5 mg. range of this experiment, very little can be 
said about the initial rates of formation of these compounds. 
Under optimal conditions beta-amylase acts in a multiple 
attack pattern. It has been again confirmed that this is 
a true multiple attack pattern. The action of the enzyme 
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does change over to a multichain action as the pH becomes 
more alkaline. The action pattern of the enzyme is not 
appreciably affected by acid pH or the presence of maltose. 
A Possible Model for the Enzyme Site 
Beta-amylase is an enzyme that attacks very large sub­
strate molecules and is very specific for the non-reducing 
end. Yet it has a very high turnover number (moles of product 
per mole of enzyme per minute) . This could be explained by 
the enzyme having many sites or by its having a mechanism by 
which the substrate molecule could feed into one or two sites. 
One way of describing the action of beta-amylase would 
be to try to picture what a site would have to be like in 
order to explain the results found. 
First, let us consider the hydrolytic site itself. It 
must be very specific for the non-reducing end of the linear 
starch molecule. It probably has a very efficient means of 
eliminating the maltose produced. If this were not the case 
then the maltose would build up and interfere with the enzyme 
or when a saall amount of maltose is added the activity would 
be reduced. 
Secondly, there could be some sort of a "feeder" site 
adjacent to the active site. This site must have a strong 
affinity for the substrate and be able to feed it into the 
active site without allowing it to diffuse very far away. 
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If this were not true, one would expect to find a dilution 
effect on the action pattern or the maltose should tend to 
displace the substrate and change the action pattern toward 
the multichain type. A sulfhydryl group is probably impli­
cated but not necessarily located here. This feeder site 
is not necessary for activity but when it is operative the 
activity of the enzyme is greatly increased. The mechanism 
of this feeding action possibly consists of a series of bind­
ing sites. As the substrate moves along these sites toward 
the active site It is probably going from a higher energy 
complex to one of lower energy. This would explain the strong 
tendency to give a multiple attack pattern instead of the 
multichain attack. A larger molecule may not be as free to 
feed into this site as the smaller molecules, It would have . 
to use the energy gained by moving down this feeder site to 
drag the rest of the chain behind it. Therefore, the value 
of f (multiple attack theory) may be a function of chain 
length. 
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• SUMMARY 
The normal action pattern of beta-amylase on the malto-
saccharld.es In the range of G7 or above is of the multiple 
attack type. 
As the pH of the digest is increased to an unfavorable 
level the action pattern changes over to the multichain 
type. 
The addition of certain inhibitors seems to have little 
or no effect upon the action pattern of beta-amylase. 
However, the addition of cuprlc ion seems to shift the 
action pattern toward multichain in the later stages of 
the reaction. 
A model of the active site was proposed to explain 
variations observed in the action pattern of beta-amylase. 
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